A fabrication process of a thermal element, which would be used as a contact sensor in the concept of defect detection on smooth surfaces, has been designed. The thermal element, which consists of thin-film resistance, would be used to capture small amount of frictional heat generated at the contact with nanometer-order defects. Therefore, feasibility of the designed process has been verified by developing a first prototype of the thermal element, while considering its thermal sensitivity. Experimental results revealed that the fabricated thermal element is functional for detecting small amount of heat on the order of several-ten microwatts.
Introduction
Demands on precision surfaces smoothly-finished in nanometer-level, such as surfaces of silicon wafers, optics, magnetic disks for information storage, continue to increase. In semiconductor industry, one of the most important index is a technology node of the fabrication, which represents the smallest size of the fabricated pattern in the semiconductor products. In 2012, the technology node of the very large scale integration (VLSI) has achieved 22 nm and it is predicted to achieve 10 nm by year 2020 [1] . With a continuous shrinkage of sizes of features on wafer surface, the tolerable size of the defects on the wafer surface is getting smaller and smaller as well [2] . In other industry such as data storage, smooth surface finishing with less defects are also desired [3] .
For defect inspections, laser scattering methods have often been used so far [4] [5] [6] . In this method, the scattered light, which generated when the laser beam was applied to the defect on the wafer surface, is measured by the photodetector. By analyzing the intensity of the scattering light from the defects, the type and the size of defects can be classified. However, the intensity of the scattered light becomes too weak to detect the defect if its size is less than 16 nm; by the Rayleigh scattering limitation, the intensity of the scattered light becomes too weak to detect the defect when the size of the defect is too small. Because of this reason, in nowadays, it is very difficult to detect the defects under 16 nm [2] . Therefore, it is desired to develop a new inspection method that can overcome the limitation of the laser scattering method, and many efforts have been paid to establish breakthrough technologies [1, 7] for the defect inspection.
Aiming to detect small defects, which sizes are less than 16 nm, the authors have proposed a new inspection method [8] [9] . In the proposed method, defects would be detected by scanning over the smooth surface with a contact sensor, while keeping a clearance between the smooth surface and the tip of the contact sensor constant to detect a frictional heat that will be generated at the contact. The amount of the frictional heat that would be generated at the defect detection would be small; on the order of microwatts, although that will depend on the contact condition [8] . A thermal contact sensor with high sensitivity has therefore been required to achieve the detection of such small defects.
In this paper, following the previous study by the authors [9], a fabrication process of the thermal element has been designed as a first step of the development of the thermal contact sensor. A prototype of the thermal element is fabricated by using photolithography. The thermal element, which is a square-shaped thin-film structure on the order of micrometres, have been designed and fabricated as a prototype sensor to verify the designed fabrication process. The thermal element is composited by the electrodes part and the sensor element part. The sensor element is fabricated to cover both the electrodes to form a circuit. In the fabrication, two photolithography processes have been carried out to fabricate the sensor element and the electrode pattern separately. The prototypes of the thermal element with different sizes have been fabricated successfully within the estimated fabrication tolerance.
Some experiments have also been carried out to investigate the performance of the prototype of the thermal element on the contact detection. An optical setup, which can control the intensity of light that is exposed onto the thermal elements, has been developed to evaluate the sensitivities of the thermal elements. By using the developed optical system, experiments have carried out to investigate the influence of the size of the thermal element on its sensitivity quantitatively.
Principle of the defect detection by thermal contact sensor
A schematic of the proposed concept of the defect detection by a contact sensor is shown in Fig. 1 [8] . In the proposed method, a thin-film structure would be fabricated on the tip of a sensor probe. The sensor probe would scan a smooth surface of the measuring target being rotated by a precision spindle, while keeping a constant clearance between the wafer surface and the tip of the sensor probe. When the sensor element contacts small defects on the smooth surface, a frictional heat would be generated and the sensor temperature would thus be increased. The variation of the sensor temperature would induce the variation of the electric resistance of the thermal element, which can be detected as a change in voltage output of the thermal element when appropriate bias voltage is applied to it. Regarding the previous research by the authors [8-9], the amount of the frictional heat that would be generated at the contact with small defects has been estimated to be on the order of microwatts. Therefore, sensitivity of the thermal element is one of the most important performance to be considered when designing and fabricating the thermal element; according to the simulation results based on FEM, the amount of frictional heat is expected to be detected when the thermal element is designed with a size on the order of sub-micrometre square [8] . Regarding the required size of the thermal element, photolithography process is believed to be suitable for its fabrication.
Design of the fabrication process of the thin-film thermal element
In order to discuss the feasibility of the proposed method, the fabrication process of the prototype of the thermal contact sensor has been designed. In terms of both the sensitivity and durability, selections of the materials of the thermal element are important. Because of the high sensitivity against temperature, platinum (Pt) is often used as the material of such thermal sensor. On the other hand, Pt has a low Young's modulus; therefore, the thermal element made by Pt could easily be damaged even at the slight contact with small defects. Regarding the durability against damages at the contact detection, in this study, chromium (Cr) was decided to be used as the material of the thermal element; although the thermal sensitivity of Cr is lower than that of Pt, the Young's modulus is 1.75 times larger than that of Pt, and therefore is considered to be harder and more durable than Pt. Figure 2 shows a schematic of the designed thermal element [9] . The element structure is composed of the electrode part made of Au/Cr thin-film for high conductivity, and the sensor element part made of Cr for high thermal sensitivity. Figure 3 shows the flowchart of the fabrication process of the thermal element designed in this paper. Patterns of both electrodes and sensor element would be fabricated separately. At first, Au/Cr layer, which would be used as the electrode, is fabricated with sputtering processes. A binding force of the sputtered atoms against a substrate is different at each material, and the one between Au and SiO 2 , which is used as materials for the insulation layer on the substrate, is low. Therefore, Cr layer was placed between the layers as a middle layer to improve the binding force between them [10] .
In this paper, the thermal element was designed and Cr/Au fabricated as a first prototype. The structure of the thermal element was therefore designed to be as simple as possible, with a rectangular shape as shown in Fig. 2 and Fig. 3 . A thermally-sensitive region on the fabricated thermal element would be the area between the pair of the electrode. The side length of the fabricated thermal element was 1.5 mm smaller than the designed value (20 mm). The thicknesses of both the thermal element and the electrode layer, which were designed to be 100 nm and 30 nm, were slightly thinner than the designed values. Although the electric resistance of the fabricated thermal element was 30% larger than the designed value, the first prototype of the thermal element was successfully fabricated by the designed fabrication process.
Experiments
Regarding the fabricated first prototype of the thermal element, its thermal sensitivity was investigated. In experiments, it would be a challenging task to control the amount of frictional heat applied to the thermal element because it would be affected by contact conditions such as relative velocity between the surfaces of thermal element and the measuring target. Roughness of those surfaces would also make it difficult to control the frictional heat. Therefore, in this paper, intensity-controllable laser beam was employed to apply a certain amount of heat to the thermal element [9] so that the detection of the frictional heating with the developed thermal element can be simulated in experiments. Figure 4 shows a schematic of the experimental setup used for the evaluation of thermal element. A laser diode (LD) with a wavelength of 683 nm is employed as the light source. Intensity of a laser beam from the LD can be controlled via an LD driver. A switching of the laser emission can be controlled by a TTL signal from a function generator. The laser beam would be collimated and focused onto the thermal element as a beam spot with a diameter of 6 mm by using a collimator lens and an objective lens, the focal lengths of which are 5 mm and 50 mm, respectively. When the focused laser is applied to the sensor, the temperature of the sensor element would rise. Figure 5 shows a typical waveform of the sensor output at the switching of the laser exposure. The temperature variation of the thermal element was detected as a variation of its electric resistance through a bridge circuit and a signal conditioner. The voltage output of the signal conditioner was captured by DAQ board synchronized with the switching of the laser exposure. The intensity of the laser beam was verified with a laser power meter in advance. In this paper, the amount of the laser beam absorbed the thermal element was estimated while considering a light reflectivity of the thermal element [11] . The substrate of the thermal element was mounted on PZT XY-stage so that the laser spot can be positioned precisely on the sensitive area of the thermal element.
At first, the sensitive area on the fabricated thermal element was experimentally investigated. Figure 6 (a) shows a schematic of the scanning path of the laser spot on the thermal element (effective area: 20 mm × 20 mm). The scanning area of the laser spot was set to be ±25 mm square. During the scanning, the output waveforms of the thermal element at the switching of the laser emission were captured at each position, and the variation of the voltage output V s determined as shown in Fig. 5 was calculated. The amount of the heat applied to the thermal element by the laser beam was 500 mW. Figure 6(b) shows the voltage output V s measured at each position and mapped in a contour image, and Figs. 6(c) shows its cross-sectional image in both X-and Y-directions. Regarding the half-width of the cross-sectional image, the effective area of the thermal element is about 20 mm × 20 mm, which well agreed with the designed size of the designed effective area. In terms of the diameter of the exposed laser beam (6 mm), the sensitive area at the center of the contour image shown in Fig. 6 (b) was found to be reasonable. On the other hand, variations of the sensor output were also found when the laser spot was placed on the areas where the thermal element is overlapping the electrodes. Further investigation would be carried out about that as future work for better understanding.
The sensitivity of the fabricated thermal element was also investigated. The amount of the heat applied to the thermal element was changed from 100 mW to 10 mW, while the laser spot was positioned at the center of the thermal element. The output from the thermal element through the signal conditioner was monitored while switching the laser emission. Figure 7 shows the captured The Japan Society of Mechanical Engineers waveform of the sensor output at each applied heat. It was confirmed that the fabricated thermal element can detect the small amount of the applied heat on the order of several-ten mW. The reduction of the element size, optimization of both the sensor structure and the signal processing for better signal-to-noise ratio are expected to improve the thermal sensitivity, and would be considered in future work.
Conclusion
A fabrication process of the thermal element, which would be used as a contact sensor for detecting small defects on the order of several nanometres on smooth surfaces, has been designed. By the designed fabrication process, a prototype of the thermal element with a size of about 20 mm ×20 mm has successfully been fabricated. Experimental results from the laser exposure tests have confirmed the thermally-sensitive area on the fabricated thermal element. In addition, it was verified in experiments that the fabricated thermal element can detect the applied heat on the order of several-ten mW. measurements of nanodefects on Si wafer surface using infrared standing evanescent wave, CIRP Annals, Vol. 
